Cross sections for the stripping of Xe 18+ by N 2 were measured at energies of 2 -9.3 MeV/u. These data were used to benchmark n-body calculations using the classical trajectory Monte Carlo method. The calculations were then used to predict the stripping of U 28+ in various gases at 10 -150 MeV/u. These data are needed to assess the vacuum requirements for the planned SIS ring at GSI-Darmstadt. The cross sections are found to scale as v -1 , not E -1 as previously predicted, requiring more stringent vacuum requirements.
INTRODUCTION
For both the heavy ion induced inertial fusion concept being explored in the U.S. and dense plasma experiments planned in Germany, a relatively low charge state ion is accelerated and focused onto a target. A low charge state ion is required to reduce space charge expansion in the focusing region.
In the U.S., ion choices range from K + and Cs + to Xe + and possibly Bi + at final energies around 10 to 20 MeV/u. The German program has considered low charge state uranium ions such as U 7+ , but is now centered on U 28+ at energies up to 190 Mev/u using a new enlarged SIS ring that has been proposed to be built at GSI-Darmstadt. For all cases, projectile stripping cross sections are needed in order to assess the vacuum requirements of the accelerators.
Unfortunately, for both programs little to no data exists. This is because the ion charge states are far below their equilibrium values where experiments can be conveniently made. The planned charge to mass ratios and energy are not compatible with existing accelerators. This makes it necessary to rely on theoretical calculations for predictions. Moreover, to lend credibility to the calculations it is essential that they be benchmarked against data for charge state and energy dependencies. For the systems of interest, Born calculations by Shevelko et al [1, 2] and classical trajectory Monte Carlo calculations by Olson et al [3, 4] are the only ones available.
To benchmark the computations, experiments with Xe 18+ projectiles were conducted at the Texas A&M Cyclotron Institute. The experiment data provided total projectile stripping cross sections over the energy range of 2 -9.3 MeV/u. Multiple ionization was found to be very important and made up approximately 50% of the overall total cross section [4] .
EXPERIMENT
Beams of 2.0 MeV/u Xe 11+ , 3.4 MeV/u Xe 16+ , and 6.0, 8.0, and 9.3 MeV/u Xe 18+ were extracted from the Texas A&M K500 superconducting cyclotron and directed through a bending magnet into the target chamber. In the case of the 2.0 MeV/u beam, it was necessary to employ a 10 µg/cm 2 carbon stripping foil inserted in front of the bending magnet to obtain the desired charge state of 18+. The 3.4 MeV/u beam was stripped from 16+ to 18+ by valving off one of the vacuum pumps in front of the bending magnet, thereby creating a relatively high pressure region in a small section of the beam line. Upon entering the target chamber, the beams passed through a series of four collimators having diameters ranging from 1 to 3 mm and on into a windowless, differentially-pumped gas cell having an effective length of 2.08 cm. After emerging from the gas cell, the beams passed between the poles of a charge dispersing magnet onto a onedimensional position sensitive microchannel plate detector.
The cross sections for removing i electrons in single collisions with target gas atoms were determined using the growth-rate method [5] . Charge fractions were measured at eight pressures covering the range from 0 to 64 mTorr and the resulting pressure dependence curves were fit with second order polynomials. The single collision cross sections are given by the coefficients of the linear terms.
THEORY
The n-CTMC method has been described in detail previously [6] and in reference [4] . The method numerically solves the classical Hamiltonian for an nbody collision. The initial electronic state of the projectile ion and target atom are based on the experimental binding energies of the electrons and their radial expectation values. The time evolution of each particle involves numerically following the x-, y-, and z-positions of each particle along with their conjugate momenta for a series of collisions until adequate statistics are generated on the cross section. In practice about two to ten thousand trajectories are evaluated for the total cross sections given here. Both the electron-electron and electron-nucleus interactions are included between centers. On the nitrogen target all 7 electrons were included while for Ar we found only the L-and M-shells were active for a total of 16 electrons. Thus, at the maximum, 54 bodies were carried in the n-CTMC calculations, resulting in the solution of the time evolution of 324 first order differential equations for each trajectory.
RESULTS
The comparison between the calculated and the experimental electron loss cross sections for Xe 18+ + N 2 collisions are displayed in Fig. 1 . There is reasonable agreement in magnitude and energy dependence with the largest discrepancy being approximately 25% at the lowest energy of 2 Mev/u. Both experiment and theory show an overall energy dependence of approximately E -0.5 with the slope increasing slightly above 10 MeV/u in the calculated values. . This becomes important in the prediction of ion beam lifetimes in an accelerator structure. The calculated stripping cross section per atom for an Ar target is approximately a factor of two larger than that of N 2 and H 2 is a factor of seven below that for N 2 . The H 2 results are not as reliable as the others because the cross section is low, leading to statistical and numerical round off errors in the classical trajectory Monte Carlo calculations.
The calculated U 28+ cross sections were used to predict ion loss due to charge changing in the GSIDarmstadt SIS beam line.
Very recently, measurements were made of the ion beam lifetime in the present SIS ring for energies from 10 to 150 MeV/u [7] . The composition and the concentration of residual gas in the ring was determined at a background pressure of 7.7x10 -11 mbar. The results deviated significantly from lifetimes deduced from stripping cross sections determined by one-electron Born calculations [1, 2] . At the highest energies, the difference was on the order of a factor of three, Fig. 2 .
The n-CTMC cross sections given in Fig. 1 were used to estimate the U 28+ beam lifetime for the parameters given in the SIS measurements. The results are in reasonable accord with the data in both shape and magnitude, Fig. 2 . The E -0.5 dependence on the stripping cross sections of Fig. 1 yield an almost constant lifetime for all energies. The error bars on the calculations reflect the uncertainty in the H 2 target calculations whose contribution to the lifetime is calculated to be approximately 30% at the energies where the H 2 cross sections could be made. There is a slight increase in the calculated lifetime at the highest energy due to the relativistic correction to the collision velocity. -11 mbar. The solid line is from the work of Shevelko et al [1, 2] , the solid circles are from the cross sections of Fig.  1 that were calculated by the n-CTMC method, and the solid squares are the measurements from GSI-Darmstadt [7] .
In summary, projectile stripping cross sections for Xe 18+ and U 28+ colliding with various gases are presented. At the energies studied, the cross sections tend to follow an E -0.5 energy dependence, in contrast to one-electron theories that predict E -1.0 [3, 4] . Such behavior appears to be associated with the fact that the ions studied are only partially stripped, so that there is always an electron shell whose cross section for ionization is near its maximum value.
